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Abstract

Nanomaterial (NM) based manufacturing is predicted to grow to 15% of the
global manufacturing economy by 2014. Subsequent to their use, most of the engineered
nanomaterials (ENMs), man-made particles with at least dimension between 1 and 100
nm, will be disposed of in landfills. Landfill leachate is highly contaminated wastewater
containing a variety of constituents that may affect the fate and transport of the
nanomaterials. In this study, the size and zeta potential of cerium oxide (CeCE), an
industrially important nanomaterial, was investigated in different solution matrices
(Milli-Q water, a real landfill leachate, KC1 solution, and humic acid solution). The KC1
and humic acid solutions were used to examine the effects of inorganic ions and humic
substances in leachate on the stability of Ce0 2 nanoparticles. Factors including pH (pH 4
and 8 ) and CeC>2 concentrations (0.5 and 0.1 mg/mL) were also evaluated. Results show
that the sizes and zeta potentials of the nanoparticles were very stable in the control
(Milli-Q water) and humic acid groups but unstable in the leachate and inorganic salt
(KC1) solutions. A low pH (pH 4.0) appeared to favor dispersion of the nanoparticles,
compared with a high pH (pH 8.0). This study demonstrates that a high pH and
inorganic salt concentration facilitated the aggregation of Ce0 2 nanoparticles.
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CHAPTER 1. INTRODUCTION
1.1 Background
1.1.1 Nanomaterials (NMs) and Engineered Nanoparticles (ENPs)

Nanomaterials (NMs) are defined by the National Nanotechnology Initiative (NNI)
as nano-scale materials with at least one dimension between

1

and

100

nanometers (nm)

(NNI, 2012; Sellers et al, 2009), while the modified anthropogenic nanomaterials are
referred to as engineered nanomaterials (ENMs). Because of their unique
physicochemical properties, such as increased specific surface area and dominance of
quantum effects compared to larger scale particles, ENMs are incorporated into many
commercial products and processes (NNI, 2012; Sellers et al, 2009; Tuccillo et al, 2011).
The benefits of using ENMs-based products include energy savings, creation of
alternative energy sources, more efficient usage of raw materials, environmental
protection, agricultural applications, and medical breakthroughs (Sellers et al, 2009).
Nanotechnology contributed $251 billion to the global economy in 2009 and is predicted
to reach $2.4 trillion, a 15% growth, by 2014 (ETC Group, 2008). In 2008, the United
States (US) invested $1.55 billion to the nanotechnology market, second only to the
European Union’s allocation of $1.7 billion (NNI, 2012).
Among a variety of ENMs, cerium (IV) oxide (CeCU), also known as ceria, is an
industrially important and representative nanoparticle. The Organization for Economic
Cooperation and Development identifies cerium oxide as a priority nanomaterial in need
of immediate testing (Gomez-Rivera, 2011). The current worldwide annual production is
estimated to be on the order of 10,000 tons (Tuccillo et al, 2011), to meet the high
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demand of cerium oxide based products. Cerium oxide is used in diesel engines, gasoline,
semi-conductor manufacturing, polishing agents, in and on glass, ceramics, cleaning
solutions, waterproofing material, stains, coatings, and sunscreens (Gomez-Rivera, 2011;
Tuccillo et al, 2011).
Even though natural nanomaterials have been present in our environment for
millions of years, the engineered counterparts are of increased concern. ENMs have a
more homogenous and regular conformation and are designed with particular surface
properties and chemistries. ENMs are attracting a heightened interest recently because of
their unique physicochemical properties and negative health issues (Wiesner and Bottero,
2007). Engineered nanoparticles (ENPs) in various ENMs-based products have the
potential to be more toxic than lager particles of the same substances due to their
diminutive sizes, high surface-to-mass ratios, enhanced chemical reactivity, and easier
penetration into cells (Gurr et ah, 2005).
Nanoparticles are federally regulated by current legislation in place.
Nanotechnologies fall under the authority of the United States Environmental Protection
Agency (USEPA), the Food and Drug Administration, and the Department of Labor. The
USEPA provides the most applicable and comprehensive authority to regulate
nanotechnology through the implementation of the Clean Water Act, the Toxic
Substances Control Act, the Federal Insecticide, Fungicide, and Rodenticide Act, Safe
Drinking Water Act, and the Clean Air Act. However, no centralized organization
oversees the consistency of testing and monitoring of these emerging constituents
(Tuccillo et al, 2011).

2

Since ENMs-based products have an expanding market, the release of ENMs to
the environment is inevitable through the production, transport, storage, application, and
disposal of commercial nanomaterial-containing products. Two primary pathways for
ENMs to enter into our environment include municipal wastewater and solid waste
disposal. Currently, studies on the aggregation and/or stabilization of ENPs in
wastewater are intensively investigated. However, knowledge about their fate during
solid waste disposal is developing slowly.
1.1.2 Landfill and Landfill Leachate

Landfills are the major solid waste disposal method in the US and many other
countries. In 2009, approximately 54% of solid waste generated in the US was disposed
of by landfilling (New Jersey Department of Environmental Protection, 2006). A
primary environmental concern of landfills is the continuous production of landfill
leachate as a result of moisture oversaturation. Many substances from solid waste
directly enter into leachate, including ENPs in the disposed ENM-based products.
Landfills are considered a point source for nanoparticles to enter the environment
(Tuccillo et al, 2011).
Numerous old landfills were not designed with an appropriate liner and leachate
collection systems, allowing leachate to freely escape from the bottom of landfills and
contaminate the surrounding groundwater, surface water, soil, and air (New Jersey
Department of Environmental Protection, 2006). In contrast, modem landfills collect
leachate via collection systems consisting of liners, slotted pipes, pumps, and holding
tanks. In the United States, leachate is commonly treated together with sewage (co-
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treatment) at a nearby wastewater treatment plant. However, treatment facilities are not
designed to specifically detect or treat solid waste-derived ENPs. As a consequence,
many ENPs can exit the treatment plants and reach our environment. Limach et al (2008)
used synthetic wastewater to simulate the regular operation of a model wastewater
treatment plant and found that 6 wt% of cerium oxide passed through the secondary
treatment.
Landfill leachate, a highly contaminated wastewater, contains a broad spectrum of
organic matters and inorganic species that may significantly alter the fate of ENPs. The
major leachate constituents include recalcitrant organic molecules released from the
organic fraction of wastes and certain inorganic ions (e.g. Cl"). Landfill leachate can be
roughly categorized into young leachate (landfill age < 3 years), generated in the aerobic
and acid phases of landfilling, and mature leachate (landfill age > 5 years), referred to as
the methanogenic phase of a landfilling process. Solid waste is under a methanogenic
phase in the landfill during the majority of a landfill lifetime; therefore mature leachate
needs to be addressed in the solid waste industry. A mature leachate is characterized by a
narrow molecular weight (MW) range and a large fraction of high MW organics. The
MW fractions possess complex structures formed by condensed nuclei of carbon
substituted by functional groups containing nitrogen (N), sulfur (S), and oxygen (O). In
particular, the fraction of humic substances dominants as a result of humidification in
mature leachate. Leachate also contains a variety of inorganic cations and anions.
Chloride (CP) is the most abundant anion found in leachate, with reports of Cf levels as
high as 77,000 mg/L (Reinhart and Grosh, 1998).
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The electrical conductivity contributed from various inorganic salts and humiclike substances in the leachate influences the stability of the CeC>2 nanoparticles.
Nanoparticle stability is defined as an even distribution of particles throughout the whole
volume and the ability of the particles to stay separated from each other over time
(Veronovski et ah, 2010). The stability of nanoparticles is based on measuring particle
characteristics such as zeta potential (ZP) and particle size.
The aggregation of particles, i.e. particle size, is controlled by the Van der Waals
attractive forces and electrical double layer repulsive force among particles. An electrical
double layer exists on each colloidal particle, composed of an inner region, called the
Stern layer, where the ions are strongly bound and an outer, diffuse, region where they
are less firmly attached. Zeta potential is the potential at the outer boundary, called the
slipping plane. Similar electrostatic surface charges repulse each other keeping the
particles in suspension and stable (Sellers et al, 2009; Zetasizer Nano Series User Manual,
2009). Zeta potential generally decreases as the pH increases.
If the zeta potential is too negative or positive, the electrostatic repulsion will
prevent two particles from sticking together and flocculating. However, the nanoparticles
will aggregate when the nanoparticles’ zeta potential is low. Solutions are considered
stable if the zeta potentials are more positive than +30 millivolts (mV) or more negative
than -30 mV (Zetasizer Nano Series User Manual, 2009).

5

1.2 Objectives

The long-term goal of this analysis is to study the fate of engineered
nanomaterials in landfill leachate. The main objective of this thesis is to evaluate the
stability of cerium oxide nanoparticles (Ce02), a representative engineered nanomaterial,
in a mature landfill leachate matrix, and understand the effects of solution chemistry and
leachate compositions on the sizes and zeta potentials of these nanoparticles. Specific
objectives of this research are:
•

to quantify variations of sizes and zeta potentials of Ce0 2 nanoparticles in
real landfill leachate and;

•

to evaluate the effects of inorganic salts and humic acid, both major
chemical species present in landfill leachate, on the sizes and zeta
potentials of Ce0 2 nanoparticles.
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CHAPTER 2. EXPERIMENTAL METHODS

2.1 Sample Collection and Landfill Site Description

Landfill leachate was collected on the 20th of April, 2011 from a leachate holding
tank storing the mixed leachate from Landfills 1-A and 1-E operated by the New Jersey
Meadowlands Commission (NJMC). Once the leachate was collected, it was transported
to the Geochemistry Laboratory at Montclair State University, Montclair, New Jersey and
stored in a refrigerator at 4°C. Prior to tests, the leachate was filtered through 0.45 pm
membrane filters to remove any particulates.
Landfills 1-A and 1-E occupy 450 acres in Kearny, New Jersey (Figure 1).
Before NJMC was established in 1969, open dumping of solid waste without any
environmental control was a common waste disposal practice in this area. As the
population increased in the surrounding area, the wetlands became extensively filled.
The landfills used a dump and push method, which allowed materials to overflow
into nearby water bodies. This type of operation caused uneven compaction and
uncontrolled decomposition of solid waste. One of the NJMC’s missions is to remediate
the larger sites through retrofitting leachate collection systems or barriers and regulating
the compaction, capping, and closure of landfills. Today, only one landfill still accepts
lawn wastes and clean fill for landfill covers.
Since NJMC installed leachate pumping stations to gather leachate produced from
Landfills 1-A and 1-E in 1998, over 150 million gallons of leachate have been collected.
The leachate is piped from Landfills 1-E to 1-A where it is transported to the Kearny
Municipal Authority pumping station and eventually to the Passaic Valley Sewerage
7

Treatment facility in Newark, New Jersey, approximately a ten-mile trip overall (New
Jersey Meadowlands Commission, 2012).
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Figure 1. Location of Meadowland Landfills 1-A and 1-E, Kearny, New Jersey

2.2 Tests to Monitor Sizes and Zeta Potentials of CeC>2 Nanoparticles in Different
Matrices

The variations of sizes and zeta potentials of CeC>2 nanoparticles over time were
monitored in four different matrices: Milli-Q water (18.2 MiTcm), the real landfill
leachate sample, potassium chloride (KC1) solution, and a humic acid solution. The KC1
and humic acid solutions were prepared by dissolution of certain amounts of potassium
chloride (FisherChemicals, Fair Lawn, NJ) and humic acid (Alfa Aesar, Ward Hill, MA)
with Milli-Q water, independently. Electrical conductivity (EC) of the KC1 solution and
chemical oxygen demand (COD) of the humic acid solution were equivalent to those of
the real leachate sample, respectively. The tests conducted in Milli-Q water were used as
a control group, while the tests in the leachate indicated the fate of Ce0 2 nanoparticles in
a real leachate environment. The KC1 solution and humic acid experiments indirectly
provided information regarding the effects of inorganic salts and leachate organic
compounds, both of which were the principal leachate species, on the stabilization of
CeCE nanoparticles.
Initial solution pH was adjusted to a pH value of 4 and 8 , by concentrated HNO3
and 10 N NaOH if needed, respectfully. Appropriate volumes of 10% weight CeCE
solution (Aldrich, St Louis, MO) were added to 10 mL of each matrix in a 15 mL VWR
centrifuge tube to form 0.1 mg/mL or 0.5 mg/mL Ce0 2 concentrations. Immediately after
the sample was prepared, the tube was gently shaken. A 1 mL uniform sample was
pipetted into a 12 mm square polystyrene cuvette (Malvern DTS0012), which was
instantly inserted into a Malvern Zeta Nanosizer for monitoring of Ce0 2 sizes or zeta
potentials over time.
10

2.3 Analysis

Size and zeta potential of CeC>2 nanoparticles were tracked over time by a
Malvern Zeta Nanosizer Nano 90 (ZEN3690 Malvern, Inc., Westborough, MA). The
Zetasizer used is able to measure particle sizes ranging from 2 nm to 3 pm and determine
the zeta potential of particles between 5 nm and 10 pm.
The Zetasizer uses a Dynamic Light Scattering (DLS) technique to assess the
Brownian motion of particles, i.e. the random movement of particles in liquids, and
extrapolates the size in nanometers. The movement speed of particles is measured to
determine the sizes; the smaller the particles, the faster the movement. Since particles are
continuously in motion and the intensity fluctuates, the Zetasizer assesses the rate of the
intensity fluctuations to calculate the size of the particles. The particle size measured is
the diameter of the sphere diffusing at the same speed as the particle being tested. The
Zetasizer determines the zeta potential of particles by Laser Dopplar Electrophoresis,
which quantifies the velocity of the particles when an electrical field is applied to the
sample. The zeta potential is reported in millivolts (mV) (Zetasizer Nano Series User
Manual, 2009).
Solution pH and EC were evaluated by an Orion 5-Star Plus Benchtop Multimeter
(Thermo Scientific, Cincinnati, OH), calibrated with certified standard solutions (OrionThermo Scientific, Cincinnati, OH) before measurement. COD was examined using high
range HACH COD digestion vials. Transmission electron microscopy (TEM) images
were obtained using a Hitachi 7500 transmission electron microscope in the Electron
Microscopy Laboratory at Montclair State University.
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CHAPTER 3. RESULTS
3.1 Characteristics of the Landfill Leachate Sample

The average characteristics of the leachate sample used in this study are
summarized in Table 1. The leachate pH was 7.7, indicating that Landfills 1-A and 1-E
were under a methanogenic phase. Moreover, the 5-day biochemical oxygen demand
(BOD5) monitored monthly by NJMC was generally below 150 mg/L (data not shown
here). Thus, the BOD5/COD was always less than 0.50, suggesting that most of the
leachate organics were bio-recalcitrant. Both the weakly basic pH and low BOD5/COD
demonstrate that the leachate was mature.
Table 1. Characteristics of the Tested Leachate
PH

7.7

EC

COD

(mS/cm)

(mg/L)

5.33

561

3.2 CeC>2 Nanoparticles in Milli-Q Water

The variations of size and ZP of the CeC>2 nanoparticles in Milli-Q water with
time are shown in Figure 2. The CeC>2 nanoparticles at 0.5 mg/mL were very stable in the
Milli-Q water. From May 23, 2011 to December 29, 2011, the particle size varied from
40 to 60 nm, and the ZP fluctuated at 30- 50 mV. The high positive ZP maintained at the
CeC>2 surface was an important factor to prevent the particles from aggregating and keep
their original sizes through electrostatic repulsion. In contrast, when the CeC>2
concentration was reduced to 0.1 mg/mL, the size was below 200 nm from May 23 to
12

July 15, 2011. However, the size dramatically increased to 800 nm after July 22 and
steadily grew to 1,635 nm on September 21. The ZP decreased from 23 mV on May 23 to
-15 mV on July 29. The ZP was not adequately high enough to prevent the aggregation
of the Ce0 2 nanoparticles.
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Figure 2. Size and ZP of CeC>2 Nanoparticles in Milli-Q Water Over Time at
Different Concentrations (Condition: solution pH was not controlled)
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3.3 C e 0 2 Nanoparticles in Landfill Leachate

The variations of size and ZP of Ce0 2 nanoparticles over time in the real landfill
leachate at pH 4 are shown in Figure 3. The Ce0 2 nanoparticles at 0.5 mg/mL and 0.1
mg/mL were unstable in the leachate. The particle sizes in the 0.5 mg/mL concentration
grew from 500 nm to > 1,314 nm within 20 minutes, and the ZP remained between
-13mV and -17 mV during the first 40 minutes. At a concentration of 0.1 mg/mL, Ce0 2
particles increased from < 100 nm to 400 nm in an hour, and the ZP was constant at

~

-19 mV.
The size and ZP of Ce0 2 nanoparticles over time in the real landfill leachate at pH
8

are shown in Figure 4. Apparently, the particles aggregated faster at pH 8 than at pH 4.

A concentration of 0.5 mg/mL resulted in the particle size increasing from < 100 nm to
1,639 nm within 1 min and then reaching 2,850 nm in the next 42 minutes, while the ZP
was near -1 lmV. The Ce0 2 concentration of 0.1 mg/mL shows the particle sizes to jump
to 1,308 nm in the first minute and rapidly aggregated to 2,342 nm the following 35
minutes. Simultaneously, the ZP stayed at —15 mV.
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Figure 3. Size and ZP of CeCh Nanoparticles in Landfill Leachate Over Time at
Different Concentrations at pH 4
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>

s

Figure 4. Size and ZP of CeCh Nanoparticles in Landfill Leachate Over Time at
Different Concentrations at pH 8
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3.4 CeC>2 Nanoparticles in KC1 Solution

The size and ZP of CeC>2 nanoparticles over time in the KC1 solution at pH 4 are
shown in Figure 5. The Ce0 2 nanoparticles at 0.5 mg/L were unstable. Within 110
minutes, the sizes ranged from 53 nm to 942 nm, and the ZP decreased from 33 mV to
-6.64 mV in 120 minutes. At the lower Ce0 2 concentration (0.1 mg/mL), the size varied
between 100 nm and 506 nm in 90 minutes. The ZP was initially 30 mV in 80 minutes
but then rapidly decreased to -3 mV and further dropped to -21 mV.
The size and ZP of Ce0 2 nanoparticles over time in the KC1 solution at pH

8

are

shown in Figure 6 . The CeC>2 nanoparticles at 0.5 mg/mL had sizes that aggregated to
1,559 nm in the first 30 seconds. Thereafter, the size slowly reached 2,113 nm in the
next 13 minutes. At the same time, the ZP stayed in the range o f -14 to -21 mV in 20
minutes. At 0.1 mg/mL Ce0 2 concentration, the particle sizes promptly grew to 3,005
nm within 13 minutes, while the ZP was in a narrow range of -2 mV to 13 mV.

18

Figure 5. Size and ZP of Ce02 Nanoparticles in KC1 Solution Over Time at Different
Concentrations at pH 4
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Figure 6. Size and ZP of Ce02 Nanoparticles in KCI Solution Over Time at Different
Concentrations at pH 8
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3.5 CeC>2 Nanoparticles in Humic Acid Solution

The size and ZP of CeC>2 nanoparticles in humic acid solution at pH 4 over time
are shown in Figure 7. Of note, at 0.5 and 0.1 mg/mL concentrations, small particle sizes
were maintained for a long time. The sizes were at 100 nm for 0.5 mg/mL Ce0 2 and
between 100-160 nm for 0.1 mg/mL Ce0 2 concentrations within 10,080 minutes (i.e. one
week), respectively. Meanwhile, the ZPs were almost constant during the reaction length.
The ZP of 0.5 mg/mL Ce0 2 (-28 mV) was slightly below the ZP (-30 mV) of 0.1 mg/mL
Ce0 2 . The absolute values of the both were adequately high to electrically repel a
nanoparticle from another and kept the nanoparticles well dispersed in solution.
The size and ZP of CeC>2 nanoparticles in humic acid solution at pH

8

over time

are shown in Figure 8 . The variation of the particle sizes exhibited a similar temporal
pattern as the pH of 4. At 0.5 mg/mL CeC>2 concentration, the size varied from 120 nm to
114 nm and the ZP was ~ - 46 mV over the one week. At 0.1 mg/mL CeC>2, the size
ranged from 100 nm to 140 nm and the ZP was at ~ - 48 mV.

21

Figure 7. Size and ZP of Ce (>2 Nanoparticles in Humic Acid Solution at Different
Concentrations at pH 4

22

Figure 8. Size and ZP of Ce02 Nanoparticles in Humic Acid Solution at Different
Concentrations at pH 8
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3.6 Final pH Values

The pH variations with time in the Ce0 2 Milli-Q solution (control) are shown in
Figure 9, and Table 2 shows the final pH values of CeC>2 nanoparticles in the different
matrices., The control figure shows the fairly stable pH values over time at both the 0.1
and 0.5 mg/mL concentrations. In each experiment, the final pH was slightly increased
from the initial pH (4.0 or 8.0), except for the pH in the humic acid solution that dropped
from 8.0 to 7.31 and 7.47 for 0.5 and 0.1 mg/mL Ce0 2 concentrations, respectively. In
most cases, the pH increase was below 0.5, excluding the pH values in KC1 solution at an
initial pH of 4.0, which increased to 4.69 and 5.00 for 0.5 and 0.1 mg/mL CeCb
concentrations, respectively.
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Figure 9. Solution pH Over Time at Different Ce02 Concentrations in Milli-Q
Water

Table 2. Final pH Values of Different Ce02 Matrices

pH 8

pH 4

Cerium oxide
Concentration

Leachate

Humic
acid

KCl

Leachate

KCl

Humic
acid

0.5 mg/mL

4.33

4.69

4.5

8.23

8.06

7.31

0.1 mg/mL

4.33

5

4.47

8.29

8.21

7.47
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3.7 TEM Images of CeCh Nanoparticles in Different Matrices

Figures 10 through 14 show the TEM images of CeC^ nanoparticle in Milli-Q
water, landfill leachate (pH 8), landfill leachate (pH4), KC1 solution, and humic acid
solution, respectively. As exhibited in Figure 10 (a)-(b), Ce02 nanoparticles were well
dispersed in Milli-Q water, and the particle size was below 100 nm. Figures 11 (a)-(d)
and Figure 12 (a)-(b) reveal that CeCh nanoparticles aggregated together into larger
particles. Of interest, as shown in Figure 11(d), certain crystals gradually developed on
the Ce02. particle surface at pH 8, which appeared to assist in aggregation of the particles.
This finding was not demonstrated in the leachate at pH 4. The reasons behind this
finding are not clear. The KC1 solution (Figure 13 (a)-(c)) seemed to be crystallized on
the Ce02 nanoparticles, which enhanced the connection between Ce02 nanoparticles. In a
humic acid solution (Figure 14), the nanoparticles were relatively stable and well
dispersed in solution.
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Figure 10. (a)-(b) TEM Images of CeCh Nanoparticles in Milli-Q Water.
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Figure 11. (a)-(d) TEM Images of CeC>2 Nanoparticles in Landfill Leachate (pH 8)
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Figure 12. (a)-(b) TEM Images of Ce02 Nanoparticles in Landfill Leachate (pH 4).
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Figure 13. (a)-(c) TEM Images of CeCh Nanoparticles in KC1 Solution.
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Figure 14. TEM Images of CeCh Nanoparticles in Humic Acid Solution.
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CHAPTER 4. DISCUSSION
4.1 Electrical Conductivity and Humic-like Organics in Landfill Leachate

Electrical conductivity strongly influences the thickness of the electrical double
layer around nanoparticles. An increase of electrical conductivity can compress the
electrical double layer, thus leading to a decrease in the zeta potential and subsequent
aggregation of the nanoparticles (Limbach et al, 2008; Sellers et al, 2009). The effect of
electrical conductivity has been confirmed in the study of 3.4, in which Ce02
nanoparticles were examined in the KC1 solution. At pH 4, the initial ZP was 30 mV, but
rapidly decreased to 0 to -20 mV in two hours accompanied by an increase in CeCE
nanoparticle sizes. At pH 8, the initial ZP fell within an unstable range (0 to -20 mV) and
the particles quickly aggregated. Therefore, inorganic salts in leachate have potential to
increase the nanoparticles’ size to micro-particles and destabilizing nanoparticles in
solution.
On the other side, humic-like organic substances in leachate stabilized the
nanoparticles. Humic substances have been demonstrated to adsorb onto metal oxide
nanoparticles, thus affecting the surface charge, reactivity, and stability of the
nanoparticles (Mylon et al., 2004). The high molecular-weight humic substances in
leachate likely complex with nanoparticles and form a < 2 nm thick coating (Au et al.,
1999) on the particle surface to stabilize their sizes. This coating imparts a negative
surface charge reducing the rate of aggregation by increasing the electrostatic repulsion
(Limbach et al, 2008; Quik et al, 2010). In this study, the effect of organic substances was
verified in the tests of 3.5, where CeC>2 nanoparticles were studied in a humic acid
solution. In those experiments, the ZP values of CeCE were —30 mV and < -40 mV at
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pH 4 and 8, respectively, and their zeta potentials were stable in the one-week tests. The
results demonstrate that humic organic substances in leachate tend to prevent the
aggregation of Ce0 2 nanoparticles.
The humic acid held the nanoparticles in suspension but the inorganic salts caused
them to aggregate. A more complex situation arose in the real leachate tests mentioned in
section 3.3. In the actual leachate samples, the tendency for the nanoparticles to
agglomerate at a fast rate indicates that the inorganic salt content dominates the fate of
CeC>2 in landfill leachate over the humic acid.
4.2 Effects of pH

In this research, the effect of initial solution pH was studied. At different pH
values (4.0 and 8.0), the particles exhibited variations of sizes and zeta potential. In a
mature landfill leachate, pH is usually weakly basic (pH 8.0 in this study) indicating that
organic wastes are subject to a methanogenic phase. Therefore, such a pH value is a
typical pH condition at which nanoparticles exist in a mature leachate. In contrast, when
leachate is under treatment, the pH may be adjusted to an acidic condition. For example,
in an advanced oxidation treatment, the optimal leachate pH for organics removal falls
within pH 3.0-4.0 (Deng, 2009); for that reason a pH 4.0 was studied to evaluate the
stability of Ce02 nanoparticles in an acidic mature leachate. Results showed that the pH
strongly alters the tendency of the oxide’s dispersion of the nanoparticles. The
nanoparticles more readily aggregated into larger particles at pH 8.0 than at pH 4.0. This
may be due to the influence of pH on the zeta potential of the double layer surrounding
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the particle and the electrostatic interaction. In each of the matrices, the absolute values
of ZPs at the lower pH were greater than those at the higher pH.
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CHAPTER 5. CONCLUSION

This thesis research expands the knowledge on the stability of ENPs and the
factors affecting the fate of nanoparticles in landfill leachate that is lacking in literature.
The results show that the stability of Ce02 nanoparticles in landfill leachate depends
heavily upon the leachate composition. The conclusions of this study include:
1. Electrical conductivity and humic-like organics are two major factors
affecting the stability of Ce0 2 nanoparticles in landfill leachate.
2. Electrical conductivity is an indirect parameter representing the levels of
inorganic salts in leachate. Generally, a high electrical conductivity enhances
the compression of the double electrical layers on the Ce0 2 nanoparticles and
reduces the zeta potentials. As a consequence, the CeCE nanoparticles readily
aggregate into larger particles and eventually settle out from solution.
3. Humic-like leachate organics can complex with the nanoparticles and form a
coating on their surfaces. The coating prevents the aggregation of particles
and improves the stability of the nanoparticles.
4. Solution pH plays an essential role in the stability of CeC>2 nanoparticles in
leachate because pH strongly affects the zeta potentials of the nanoparticles.
Specifically, a higher pH concentration enhances aggregation of nanoparticles.
5. The chemical composition of landfill leachate is site-specific. Therefore, when
evaluating the stability of any engineered nanoparticles in a specific leachate,
the effects of electrical conductivity and leachate organic content (e.g. COD)
should be identified.
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